The armadillo-related protein ␤-catenin has multiple functions in cardiac tissue homeostasis: stabilization of ␤-catenin has been implicated in adult cardiac hypertrophy, and downregulation initiates heart formation in embryogenesis. The protein is also part of the cadherin/catenin complex at the cell membrane, where depletion might result in disturbed cell-cell interaction similar to N-cadherin knockout models. Here, we analyzed the in vivo role of ␤-catenin in adult cardiac hypertrophy initiated by angiotensin II (Ang II). The cardiac-specific mifepristone-inducible ␣MHC-CrePR1 transgene was used to induce ␤-catenin depletion (loxP-flanked exons 3 to 6, ␤-cat ⌬ex3-6 mice) or stabilization (loxP-flanked exon 3, ␤-cat ⌬ex3 mice). Levels of ␤-catenin were altered both in membrane and nuclear extracts. Analysis of the ␤-catenin target genes Axin2 and Tcf-4 confirmed increased ␤-catenindependent transcription in ␤-catenin stabilized mice. In both models, transgenic mice were viable and healthy at age 6 months. ␤-Catenin appeared dispensable for cell membrane function. Ang II infusion induced cardiac hypertrophy both in wild-type mice and in mice with ␤-catenin depletion. In contrast, mice with stabilized ␤-catenin had decreased cross-sectional area at baseline and an abrogated hypertrophic response to Ang II infusion. Stabilizing ␤-catenin led to impaired fractional shortening compared with control littermates after Ang II stimulation. This functional deterioration was associated with altered expression of the T-box proteins Tbx5 and Tbx20 at baseline and after Ang II stimulation. In addition, atrophy-related protein IGFBP5 was upregulated in ␤-catenin-stabilized mice. These data suggest that ␤-catenin downregulation is required for adaptive cardiac hypertrophy. (Circ Res.
␤ -catenin is a plakophilin protein family member. The plakophilins belong to the armadillo-related proteins, which are essential components of the desmosomal plaque. In addition to adhesive function, the plakophilin ␤-catenin has been ascribed an important signaling function. For instance, ␤-catenin is a transcriptional coactivator of the T-cell factor/ lymphoid enhancer factor (TCF/LEF) complex, which regulates embryonic, postnatal, and oncogenic growth in many tissues, including the heart. 1 Cardiomyocyte growth occurs during left ventricular (LV) remodeling following chronic pressure overload and/or ischemic heart disease. Increased ␤-catenin levels were detected in the intercalated disc in heart specimens from patients with inherited cardiac hypertrophy. The ␤-catenin increase at the cell membrane was accompanied by reduced nuclear ␤-catenin levels. 2 Recently, reduced ␤-catenindependent transcription via Tcf/Lef1 transcription factors was suggested to be the molecular mechanism behind the fibroadipocytic replacement in arrhythmogenic right ventricular cardiomyopathy caused by the loss of desmoplakin. 3 LV remodeling includes reactivation of the fetal gene program and possibly the embryonic gene program as well. 4 WNT/␤-catenin regulation is among the earliest events in cardiac development. Specifically, ␤-catenin downregulation following inhibitory Dickkopf signaling in the embryonic endoderm precedes cardiac development from the embryonic mesoderm. 5 Because universal ␤-catenin deletion is lethal, inducible tissue-specific modulation of ␤-catenin has been used to analyze the role of this factor in adult heart LV remodeling.
Two recent publications have analyzed the effect of ␤-catenin depletion in the adult heart. Zhou et al 6 found no phenotype concerning membrane function attributable to the compensatory upregulation of plakoglobin in the intercalated disc as previously described in other tissues. 7 Furthermore, Chen et al confirmed their previous in vitro observations concerning ␤-catenin in adult cardiac hypertrophy: the increase in heart weight/body weight after transaortic constriction was attenuated in ␤-catenindepleted transgenic mice. Here, we extended these observations by generating 2 complementary mouse models to understand the role of ␤-catenin in adult cardiac remodeling in vivo on G protein-coupled receptor activation. One model exhibits conditional cardiomyocyte ␤-catenin depletion (␤-cat ⌬ex3-6 ), whereas the other exhibits ␤-catenin stabilization (␤-cat ⌬ex3 ). In contrast to earlier studies, these data suggest that ␤-catenin downregulation is required for adaptive cardiac remodeling preserving LV systolic function under increased stress.
Materials and Methods

Generation of Mice
Mice with cardiac-restricted ␤-catenin depletion (␤-cat ⌬ex3-6 ) ( Figure  1 ) as well as enhanced ␤-catenin expression (␤-cat ⌬ex3 ) ( Figure 2 ) were generated through mating of ␣MHC-CrePR1 mice with either ␤-catenin ex3-6,flox/flox or ␤-catenin ex3,flox/flox ; each individual strain has been described previously. 6, 8, 9 Whereas excision of exons 3 to 6 (␤-cat ⌬ex3-6 ) generates a functional inactive ␤-catenin mutant, excision of exon 3 results in a nondegradable mutant of ␤-catenin, thereby increasing cellular ␤-catenin levels (␤-cat ⌬ex3 ). Mice were bred in a mixed C57BL/6ϩFVB background (␤-cat ⌬ex3-6 ) or FVB background (␤-cat ⌬ex3 ).
In ␣MHC-CrePR1 mice, heart-specific expression of the Cre fusion protein is activated by intraperitoneal administration of the estrogen derivate mifepristone (RU486, 30 g per gram of body weight; Sigma-Aldrich) once every day for 5 days in 3-month-old mice. 8 Throughout the study, littermates negative for either Cre or loxP sites were used as controls (for primers, see the online data A β-catenin "Cre-deleted allele"
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Ps Pas 0.6kb PCR fragment A, Representative mating scheme between mice carrying ␤-catenin floxed exons 3 to 6 and ␣MHC-CrePR1 mice. Mice have been described previously. For heart-specific, progesterone-inducible Cre recombinase expression ␣MHC-CrePR1 mice were used. In ␤-cat ex3-6,flox/flox ϫ␣MHC-CrePR1, administration of mifepristone leads to loxP site recombination with the appearance of a 600-bp band. Hybridization sites of the primers are indicated (red arrows). B, Western blot (WB) from whole heart lysate of both control and ␤-cat ⌬ex3-6 mice (upper left). A significant reduction of ␤-catenin protein expression in ␤-cat ⌬ex3-6 is detected by a C-terminal binding antibody. A second Western blot (lower left) using an N-terminal binding antibody indicates diminished expression of ␤-catenin in all cellular compartments (cytosol, nucleus, and membrane). ␤-Actin was used as control for cytosol and nucleus and E-cadherin for membrane. Also at the mRNA level, ␤-catenin quantification by real-time PCR normalized to GAPDH revealed decreased expression of full-length ␤-catenin cDNA (right). C, ␤-Catenin and N-cadherin immunofluorescence (IF) (green) of heart sections of control (CT) or ␤-cat ⌬ex3-6 mice. Nuclei were stained with DAPI (blue). ␤-Catenin staining was clearly reduced in the mutants, whereas N-cadherin was not affected. The right panels show an enlargement of an area containing a gap junction, which shows the apparent depletion of ␤-catenin expression. Scale barϭ20 m. supplement, available at http://circres.ahajournals.org). The Berlin Animal Review Board approved the study (regulation no. 0135/01).
RU-486 injection
Induction of Cardiac Hypertrophy and Echocardiography
Ten days after Cre induction, microosmotic pumps (model 1002, Alzet) releasing angiotensin II (Ang II) (Sigma; 1.4 g⅐kg Ϫ1 ⅐min Ϫ1 , solvent 0.9% NaCl/0.01N acetic acid) were implanted subcutaneously into age-matched mice after anesthesia with ketamine/xylazine (30 mg/10 mg⅐kg Ϫ1 IP) as described. 10 Hypertrophy was assessed by echocardiography with either an Accuson Sequoia (Siemens) instrument equipped with a 15-MHz microprobe (␤-cat ⌬ex3-6 ) or a Visual-Sonics Vevo 770 High-Resolution Imaging System equipped with a 30-MHz RMV-707B scanning head (␤-cat ⌬ex3 ). For echocardiography, mice were anesthetized by isoflurane inhalation (Ϸ2% isoflurane). Ventricular measurements in M mode were taken before implantation and 12 days after with Ն3 readings per mouse. The observer was unaware of the genotypes and treatments.
RNA Quantification, Reporter Assays, Protein Analyses, and Immunohistochemistry
Total RNA was isolated from mouse heart tissue using the RNeasy kit (Qiagen). cDNA was synthesized with Superscript II reverse transcriptase (Invitrogen). cDNA was subjected to real-time PCR by SYBR Green Analysis (Qiagen) performed on an iCycler instrument (Bio-Rad). All real-time PCR sample reactions were performed in triplicate and normalized to GAPDH mRNA expression (for primers, see Table II in the online data supplement). A standard curve was run with dilution series of the amplified fragment allowing for mRNA copy number calculations. Protein was isolated from heart tissue using a mortar and pestle with liquid nitrogen and then with a compartmental protein extraction kit (Chemicon). The method isolates proteins specifically from nuclear, cytoplasmic, and membrane compartments. Antibodies for the ␤-catenin C terminus (BD Bioscience), ␤-catenin N terminus (nanoTools), Tbx5 (Abcam), N-cadherin (1:100, Zymed), and GAPDH (Advanced ImmunoChemicals) were used. Horse radish peroxidase-conjugated secondary antibodies were from DAKO. For wheat germ agglutin/5Ј-fluorescein isothiocyanate (WGA-FITC) staining, heart sections were deparaffinized and stained overnight with 100 microL of lectin WGA-FITC (20 mg/mL) per slide. The cell area was calculated by measuring at least 300 cells per animal using ImageJ software. Detection of apoptosis was performed by indirect TUNEL with the ApopTag Fluorescein in situ apoptosis detection kit (Chemicon) according to the instructions of the manufacturer. The specimens were costained with antibody to cardiac troponin T (Santa Cruz Biotechnology) for visualization of cardiomyocytes.
Statistical Analysis
Differences between experimental groups were analyzed using SPSS 14.0. Within and between effects for repeated measures were analyzed by general linear models with post hoc paired t tests. Data are reported as meanϮSEM. PϽ0.05 values were considered significant.
Results
The ␤-catenin Heart-Specific Mouse Models
We used an inducible Cre/loxP system restricting ␤-catenin depletion to ␣-myosin heavy chain (␣MHC)-positive cells after hormone induction. Recombination efficiency was tested through mating of ␣MHC-CrePR1 mice to ROSA 26 reporter mice expressing the lacZ expression cassette under the control of a floxed stop codon. 8 Recombination efficiency after mifepristone injection was determined to be approximately 70% of cardiomyocytes as described before (see supplemental Figure I ). 8 Induction of Cre recombinase excised exons 3 to 6 in hearts from ␤-cat ex3-6,flox/flox ϫ␣MHC-CrePR1, resulting in animals that had a heart-specific ␤-catenin depletion (␤-cat ⌬ex 3-6 , Figure 1A ). Successful heartspecific recombination was confirmed by PCR using primers for the recombined DNA that result in a 600-bp fragment ( Figure 1A ). The downregulation of ␤-catenin was detected both at the mRNA and protein level: active Cre recombinase led to dramatically reduced ␤-catenin mRNA and protein levels in total heart extracts from several mice ( Figure 1B ). Biochemical methods showed depletion of ␤-catenin in all cellular compartments including the nucleus. Using antibodies against both the N and C terminus, expression of a truncated ␤-catenin isoform was excluded as described before ( Figure 1B ). 6 In tissue, ␤-catenin was readily detectable in gap junctions between cardiomyocytes in control hearts but not in sections from ␤-catenin heart-depleted mice. Staining of N-cadherin complexing with ␤-catenin at the cell junction showed no apparent phenotype in ␤-cat ⌬ex3-6 mice with this method ( Figure 1C ). Electrocardiograms showed no rhythm disturbances in the mice (data not shown).
Deletion of exon 3 renders ␤-catenin to be resistant against glycogen synthase kinase 3␤-induced phosphorylation and consequently blocks proteasome-mediated degradation. Mifepristone administration to ␤-cat ex3,flox/flox mice mated to ␣MHC-CrePR1 mice generated ␤-cat ⌬ex3 animals ( Figure  2A ). 9 Heart-specific Cre recombinase activation excised exon 3 and resulted in mice with heart-restricted, stabilized ␤-catenin ( Figure 2A ). PCR using primers designed to give a 700-bp fragment after successful recombination in contrast to 900 bp beforehand confirmed the genotype (Figure 2A ). Stabilized ␤-catenin was detectable in cytosolic, membrane, and nuclear fractions of whole heart lysates as a smaller band than endogenous ␤-catenin ( Figure 2B) . Staining with N-cadherin, which is complexing with ␤-catenin at the cell junction, did not reveal an apparent phenotype at the membrane compared with control mice (data not shown). Next, genes regulated transcriptionally by ␤-catenin were analyzed by real-time PCR with extracts from ␤-cat ⌬ex3 mutants compared with control littermates 1 : Axin2 (7.03Ϯ0.7-fold, PϽ0.001), Tcf-4 (2.92Ϯ0.16-fold, PϽ0.05), and Lef-1 (2.91Ϯ0.4-fold, PϽ0.05) expression was significantly increased ( Figure 2C ). These data prove a functional increase in ␤-catenindependent transcription in ␤-cat ⌬ex3 mice as described before concerning other tissues. 9, 11 
␤-Catenin Depletion Leads to Mild Cardiac Hypertrophy
Fourteen days after the final mifepristone injection, the cardiac transverse ventricular cross-sections appeared thicker in ␤-catenindepleted mice compared with wild-type mice ( Figure 3A ). Cardiac hypertrophy was confirmed by cross sectional area analysis in vivo: the average cell size from ␤-catenin depleted mice (9.4x10 7 Ϯ0.14ϫ10 7 arbitrary units) increased significantly over control cell size (7.9x10 7 Ϯ 0.15ϫ10 7 arbitrary units; PϽ0.001) ( Figure 3A) . Echocardiographic examination demonstrated increased diameters of the diastolic interventricular septum as well as the LV posterior wall ( Figure 3B ). No significant changes were seen regarding cavity size or fractional shortening. A summary of all echocardiographic measurements can be found in supplemental Table I . RNA quantification revealed increased expression of hypertrophy gene markers atrial (ANP) and brain (BNP) natriuretic peptides, ␤MHC, and ␣-sarcomeric actin ( Figure  3C ). In summary, depletion of ␤-catenin leads to moderate cardiac hypertrophy in the adult heart. This initial phenotype did not exaggerate and was not accompanied by a loss of cardiac function or any other cardiac deterioration up to the age of 6 months (data not shown).
␤-Catenin Stabilization Leads to Impaired Cardiac Growth
Deletion of the endogenous exon 3 results in a single-copy gene of stabilized ␤-catenin under the control of the endogenous reporter. In contrast to our initial hypothesis based on previously published in vitro and in vivo data, 12, 13 ␤-catenin stabilization (␤-cat ⌬ex3 ) did not cause hypertrophy (Figure 3) . In fact, when cross-sectional area was calculated 14 days after Cre recombinase induction by mifepristone, a significantly decreased cell size was observed (7.8ϫ10 7 Ϯ1.1ϫ10 6 [control] versus 6.4ϫ10 7 Ϯ1.4ϫ10 6 [␤-cat ⌬ex3 ], PϽ0.001; Figure  3A ). Cells from stabilized ␤-catenin mice were approxi-mately 82% the size of control cells. Hypertrophy gene marker expression was the inverse of the ␤-catenindepletion experiment. Hypertrophic markers were either stable (␤MHC) or downregulated in the ␤-cat ⌬ex3 samples compared with controls ( Figure 3C ). Over 6 months, the animals developed and behaved normally. Taken together, the above data suggest that depleting ␤-catenin in the adult heart results in adaptive cardiac hypertrophy, whereas expression of a nondegradable mutant results in a phenotype of smaller cardiomyocytes indicating impaired cardiac growth or cardiac muscular atrophy.
Responses to Ang II in the ␤-Catenin Mouse Models
After 12 days of Ang II infusion at pressure doses (1.4 g⅐kg Ϫ1 ⅐min Ϫ1 ), control animals developed hypertrophy, as determined by echocardiography, gene regulation, in vivo cross sectional area, and heart/body weight ratio as described before (Figure 4 ). 10 From the M-mode echocardiography imaging, a thickened interventricular septum and LV posterior wall after Ang II was identified in control animals ( Figure 4A and supplemental Table I ). Even if at baseline ␤-catenindepleted mice exhibited an increase of the cardiomyocyte area ( Figure 3A) , treatment with Ang II further enhanced cellular cross-sectional area (12.1ϫ10 7 Ϯ0.24ϫ10 7 arbitrary units) to absolute values similar to control mice (12.3ϫ10 7 Ϯ0.19ϫ10 7 arbitrary units) ( Figure 4B ). LV wall thickening was identical in ␤-catenin heart-depleted animals and control littermates after Ang II ( Figure 4A ). Heart weights normalized to body weight showed a significant increase for both control and ␤-catenindepletion mice (Figure 4A and supplemental Table I ). Moreover, Ang II increased gene expression of several hypertrophy gene markers in both control and ␤-catenin heart-depleted animals, with the exception of ␤MHC ( Figure 4C) . A lack of ␤MHC upregulation in response to stress stimuli might be indicative of adaptive cardiac remodeling preserving LV function, as described before. 14 The effects of 12 days of Ang II infusion in mice with cardiac stabilized ␤-catenin (␤-cat ⌬ex3 ) were opposite in kind to those of mice with ␤-catenin heart depletion. Echocardiography showed no significant change in the wall thickness following Ang II treatment in ␤-catenin-stabilized mice in contrast to control littermates, in which wall thickness increased significantly ( Figure 5A and also see supplemental Table I ). ANP (␤-cat ⌬ex3 , 0.4Ϯ0.15; ␤-cat ⌬ex3 ϩAng II, 1.03Ϯ0.15; PϽ0.01) and BNP (␤-cat ⌬ex3 , 0.43Ϯ0.24; ␤-cat ⌬ex3 ϩAng II, 1.4Ϯ0.27; PϽ0.01) expression was induced by Ang II, but final values were generally lower than in control mice (control: ANP, Ang II, 2.3Ϯ0.8; BNP, Ang II, 2.6Ϯ0.6). In vivo, cardiomyocyte size following Ang II treatment significantly increased over baseline in both models but was significantly smaller in ␤-cat ⌬ex3 compared with control animals treated with Ang II (9.07ϫ10 7 Ϯ0.14ϫ10 7 [control] versus 8.14ϫ10 7 Ϯ0.14[ϫ10 7 [␤-cat ⌬ex3 ], PϽ0.001; Figure 5B ).
As expected, fractional shortening increased in control mice after Ang II treatment (31.1Ϯ1.6% to 36.2Ϯ1.6%). Instead, ␤-catenin heart stabilization led to reduced fractional shortening after Ang II infusion (34.7Ϯ2.9% to 22.4Ϯ4.5%, PϽ0.05; Figure 5A and supplemental Table I ). These absolute values in animals aged 10 to 14 weeks are identical to a serial analysis of the age-dependent changes using the same high-resolution echo techniques as used for these studies (see also supplemental Figure II ). 15 The reduced fractional shortening in ␤-cateninstabilized mice was not caused by increased cardiomyocyte apoptosis as ␤-catenin-stabilized mice demonstrated rather fewer TUNEL/␣-sarcomeric actin/2Ј,6Ј-diamidino-2phenylindole (DAPI)-positive cells after Ang II treatment compared with controls (␤-cat ⌬ex3 , 0.058Ϯ0.027% at baseline to 0.120Ϯ0.049% after Ang II; PϽ0.001; compared with controlϩAng II, 0.297Ϯ0.025%; Figure 5C ). In contrast, analysis of mice with ␤-catenin depletion showed a nonsignificant increase of TUNEL-positive cells at baseline with similar results after Ang II treatment (control, 0.004Ϯ0.004; ␤-cat ⌬ex 3-6 , 0.112Ϯ0.044%; after Ang II: control, 0.09Ϯ0.02%; ␤-cat ⌬ex3-6 , 0.2Ϯ0.13%). These absolute values are similar to other reports, ie, rates of apoptotic cardiomyocytes after transaortic constriction. 16 Moreover, no significant differences concerning fibrosis occurring focally throughout the LV wall was observed when comparing both transgenic models to their respective controls. In summary, Ang II-induced hypertrophy is not affected by ␤-catenin depletion, whereas mice with stabilized ␤-catenin exhibit an impaired hypertrophic response to Ang II. Apoptosis-related mechanisms do not explain these findings.
Analysis of Cardiac ␤-Catenin Target Genes
Next, we analyzed several target genes previously described to be regulated in a ␤-catenindependent fashion either in embryonic development (GATA-4, Nkx2.5, MEF2a, Tbx5, and Tbx20) or have been described in the context of chronic phosphatidylinositol 3-kinase (PI3K)/AKT signaling (atrogin 1, insulin-like growth factor-binding protein 5 [IGFBP5]). 17 Analysis was performed in whole heart RNA extracts. GATA-4, Nkx2.5, MEF2a, and atrogin 1 expression was not significantly altered by Ang II treatment or ␣MHC-dependent changes in ␤-catenin levels. Axin2 levels were increased by Ang II in both control and ␤-catenin-stabilized mice, although the baseline levels were already significantly increased in ␤-cat ⌬ex3 mice ( Figures 6A and 2C) . Interestingly, ␤-catenin levels affected gene expression of IGFBP5, a protein inhibitory for the IGF-signaling cascade. IGFBP5 was found upregulated in hearts with genetically mediated chronic AKT activation. 17 Functionally, IGFBP5 is implicated in muscle atrophy. Here, IGFBP5 was upregulated in ␤-cat ⌬ex3 mice compared with control littermates (9.02Ϯ3.2-fold). No significant change of expression levels were observed on Ang II stimulation.
At baseline, ␤-catenin stabilization led to reduced Tbx5 mRNA and protein levels, whereas Tbx20 mRNA was found to be upregulated ( Figure 6C and 6D; Tbx20 versus control: In addition to the TUNEL assay (red fluorescence), slides were costained with ␣-sarcomeric actin (green fluorescence) and DAPI (blue stain) in control mice and ␤-cat ⌬ex3 mice before and after Ang II stimulation.
3.3Ϯ0.31-fold; PϽ0.05). Ang II treatment significantly downregulated Tbx5 gene expression in control mice; this effect was lost in the ␤-catenin-stabilized mice ( Figure 6C) . No significant effect of Ang II on Tbx20 gene expression was observed ( Figure 6C ). These results suggest differential regulation of T-box proteins downstream of ␤-catenin in association with a phenotype of impaired cardiac growth and performance.
Discussion
Here we studied the role of ␤-catenin in adult heart homeostasis and LV remodeling after chronic G protein-coupled receptor stimulation. We found that decreased ␤-catenin expression caused modest cardiac hypertrophy at baseline, compared with controls. Ang II infusion induced cardiac hypertrophy both in control and in ␤-catenindepleted mice but not in ␤-catenin-stabilized mice. This decreased hypertrophic response was accompanied by reduced fractional shortening. The phenotype of deteriorating heart function on ␤-catenin stabilization was associated with altered regulation of the T-box proteins Tbx5 and Tbx20 as well as the AKT-regulated, atrophy-related protein IGF-binding protein 5 (IGFBP5). We conclude that ␤-catenin downregulation is required for adaptive cardiac hypertrophy preserving LV function under chronic Ang II stimulation.
The ␤-Catenin Mouse Models
The 2 complementary mouse models analyzed here were generated using previously described ␤-catenin floxed transgenic mice. Depletion or stabilization of ␤-catenin both at the membrane as well as concerning its nuclear function has been achieved in various tissues before. 6, 9, 11 No apparent phenotype linked to the membrane function of ␤-catenin in complex with N-cadherin was observed. The compensatory upregulation of plakoglobin (␥-catenin) demonstrated by Zhou et al in heart tissue might account for this phenomenon. 7 This hypothesis is also supported by data from other tissues using this very same floxed mouse strain. 6, 7 Similar considerations concerning the relevance of membrane-associated ␤-catenin versus nuclear ␤-catenin apply to the mouse model with ␤-catenin stabilization: whereas no apparent phenotype concerning rhythm disturbances or membrane dysfunction was observed, the classic ␤-catenin target genes Axin2, Tcf-4, and Lef-1 were found upregulated in cardiac tissue extracts. The nuclear localization of the stabilized truncated ␤-catenin mutant in ␤-cat exon3,flox/flox also accounts for other phenotypes including the recently described block in hematopoietic stem cell differentiation. 9, 11 
␤-Catenin and Cardiac Hypertrophy
We were surprised to find that by stabilizing ␤-catenin in the adult heart, the hypertrophic response after Ang II stimulation was abrogated, although at the expense of deteriorating heart function. This observation contradicts earlier findings, where ␤-catenin depletion blocked cardiac hypertrophy after transaortic constriction (TAC). 12, 13 Several differences between the studies may explain the discrepant findings. The Ang II stimulus used here activates signaling cascades different from pressure overload as in TAC. Discrepant results concerning the same signaling molecule have been described before, ie, concerning the role of MEKK1 in cardiac hypertrophy. 18, 19 In ␤-catenindepleted mice, Chen et al describe an increase in heart weight and upregulation of hypertrophy markers ANP and ␤MHC when compared with baseline levels, indicating intact hypertrophy in ␤-catenindepleted mice. The definition of hypertrophy was based on heart weight and cardiomyocyte width of isolated cardiomyocytes; neither diastolic wall size nor cell surface area in tissue sections was reported. 13 Intriguingly, concerning the point of adaptive versus maladaptive cardiac remodeling, ␤-catenindepleted mice preserved LV function, despite ongoing stress by TAC, supporting a concept of adaptive hypertrophy mediated by ␤-catenin downregulation.
Another major difference between the studies is the time course of the experiments: here, mice were stimulated with Ang II 10 days after mifepristone-induced Cre recombinase activation and analyzed 2 weeks later; Chen et al exposed their mice to TAC 6 weeks after induction of Cre recombinase and analyzed them 2 weeks later. The initial delay after ␤-catenin depletion might have induced secondary effects. 13 Our complimentary studies using mice with ␤-catenin stabilization seemingly confirmed a beneficial role of ␤-catenin downregulation in cardiac hypertrophy: after Ang II stimulation, the ␤-catenin-stabilized mice exhibited a deterioration of cardiac function. To the best of our knowledge, in vivo studies describing the phenotype of mice with genetic stabilization of ␤-catenin have not been described previously.
␤-Catenin and LV Remodeling
First, we tested whether cardiac ␤-catenin manipulation might affect cardiomyocyte apoptosis. Whereas we observed an increase of TUNEL/␣-sarcomeric actin/DAPI-positive nuclei after Ang II treatment in control and ␤-catenindepleted mice to levels reported before, this was not observed in the mice with ␤-catenin stabilization. 16 Although determination of absolute values of apoptosis would require the combination of several techniques, these data clearly exclude increased apoptosis to account for the observed phenotype. This observation is in line with previous findings: several studies analyzing tissue-specific alterations of ␤-catenin levels found that ␤-catenin regulated expression of survival genes in brain, thymocytes, and vascular smooth muscle cells. 20 We previ-ously described the association of stabilized ␤-catenin and cell survival of isolated rat cardiomyocytes after activation of the PI3K/AKT pathway. 21 Next, we analyzed previously described target genes of ␤-catenin and PI3K/AKT. The PI3K/AKT pathway was previously shown to control ␤-catenin levels in cardiomyocytes. 12 As ␤-catenin downregulation initiates heart formation in the embryo, the gene expression levels of different transcription factors related to cardiomyocyte differentiation were investigated. Interestingly, differential regulation of the T-box proteins Tbx5 and Tbx20 was found: Ang II treatment downregulated Tbx5 mRNA and protein expression in control mice, whereas this effect was attenuated in ␤-cat ⌬ex3 mice. Tbx20 was upregulated in mice with ␤-catenin stabilization. Differential roles have been identified for these T-box proteins: Tbx5 was previously shown to promote cardiomyocyte differentiation in association with Nkx2.5. 22 In addition, heterozygote Tbx 5 deletion is a model for the Holt-Oran syndrome; interestingly, by 8 weeks after birth, such mice develop a phenotype of diastolic dysfunction known to precede systolic dysfunction. 15 In contrast, Tbx20 is known to exert multiple transcriptional repressive functions including inhibition of ANP expression. 23, 24 Increased expression of Tbx20 might therefore inhibit cardiac growth in ␤-cat ⌬ex3 mice.
In addition, regulation of the IGFBP5 was observed. In general, IGFBP5 inhibits cell proliferation and differentiation but increases cell survival rates. 25 Upregulation of IGFBP5 has been detected in mouse models with chronic activation of AKT. 26 Prolonged activation of this pathway was recently found to induce a phenotype of dilated cardiomyopathy. 27, 28 The known functions of IGFBP5 and its expression levels observed here make this protein another candidate for explaining the effect of ␤-catenin stabilization on cardiac LV remodeling.
In summary, we found that downregulation of ␤-catenin initiates adaptive cardiomyocyte hypertrophy in the adult heart necessary for preservation of LV function under chronic stress. Stabilizing ␤-catenin in the adult heart blocks signaling pathways required for protective hypertrophy in the presence of chronic Ang II-induced stress. This effect was not associated with detectable changes in intercellular adhesion but with altered gene expression concerning Tbx5 and Tbx20, which belong to the cardiac embryonic gene program. This finding suggests that on hypertrophic stress, the adult heart reverts to regulation of ␤-catenin in a fashion similar to ␤-catenin involvement in embryonic cardiac development.
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